Background and Purpose-Genetically engineered mice are used to study the role of single genes in cerebral ischemia, but inherent, strain-dependent differences in neuronal vulnerability may affect experimental end points. To examine this possibility, tissue injury resulting from focal ischemia and its relationship to cerebral hemodynamics were determined in 3 common mutant mouse strains. Methods-Permanent middle cerebral artery ligation was performed in male C57BL/6J, Balb/C, and 129X1/SvJ mice.
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Since embryonic stem cells with inserted or deleted genes are easily derived from 129/Sv mice, most genetically engineered mice have 1 parent of the 129/Sv strain. 22 The stem cells are then typically implanted into blastocysts, and the resulting chimeric mice carrying the manipulated gene are subsequently bred with other murine strains. For the latter, the C57BL/6 strain is usually chosen because they are easier to breed and are less susceptible to a number of diseases, but Balb/C and other murine strains have also been used. 22, 23 In addition, the extent of gene mixing can vary further depending on which generation of back-crossed mice is used for experimentation. Accordingly, although transgenic mice derived from a single parent strain have been generated, 17 most mutants are derived from parents of 2 different strains and have a mixed genetic background. The resultant genetic profile of animals derived from such matings can influence the vulnerability or resistance to cerebral ischemia relative to the respective parent strain, one of which is often used for the wild-type control. 7, 8, 12, 17 As indicated above, 129/Sv, C57BL/6, and Balb/C mice are common parent strains used in generating mutants. Variations in vulnerability to global forebrain ischemia among these strains of mice have been reported and ascribed to differences in the presence and relative size of the posterior communicating arteries (PComAs), which connect the anterior and posterior circulations and function as collateral vessels. 24 -28 With respect to focal ischemia, neurological outcome differences among strains have been published for the mouse intraluminal filament model of temporary middle cerebral artery (MCA) occlusion. For instance, larger infarcts have been found in C57BL/6 mice than in 129/Sv mice after focal transient ischemia. 29 The dependence of stroke outcome on murine strain after permanent MCA occlusion with the intraluminal filament technique is, however, unclear, especially with respect to anatomic differences in the PComA. 7, 29, 30 Highly reproducible cortical lesions are obtained by ligating the MCA directly after temporal craniotomy. 6, 10, 20, 31, 32 This method interrupts the flow of blood through the MCA with more certainty than an intraluminally advanced filament, does not affect the anterior and posterior cerebral arteries, minimizes collateral contributions by the PComA, and yields less variable results. 33 To date, interstrain differences in infarct size resulting from cerebral ischemia induced by direct, permanent MCA ligation have not been reported. We hypothesized that there might be differences in vulnerability with the direct ligation model of permanent focal ischemia among the 3 mouse strains most commonly used in genetic engineering and tested the dependence of these "differences" on basal blood flow, the extent of blood flow reduction after MCA ligation, and anatomic differences at the level of the PComA.
Materials and Methods
In this study, 12Ϯ2-week-old Balb/C (nϭ49; from Charles River; Wilmington, Mass), 129X1/SvJ (nϭ45; former designation 129/ SvJ), and C57BL/6J (nϭ65; both from Jackson Labs; Bar Harbor, Maine) mice were used. All procedures were approved by our institutional Animal Studies Committee and were in accordance with the Public Health Service guide for the care and use of laboratory animals, US Department of Agriculture regulations, and the guidelines of the American Veterinary Medical Association Panel on Euthanasia. Mice were allowed free access to water and chow until surgery.
Surgical Preparation
Focal cerebral ischemia was induced by direct occlusion of the MCA as detailed in previous publications, 34 with the following modifications. Briefly, the mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg), and the right MCA was exposed by a 0.5-cm vertical skin incision midway between the right eye and ear. After the temporalis muscle was split, a 2-mm burr hole was drilled at the junction of the zygomatic arch and the squamous bone. While visualizing with an operating microscope, we ligated the right MCA distal to the lenticulostriate branches with an 11-0 suture. Complete interruption of blood flow at the MCA occlusion site was confirmed by microscopic inspection and laser-Doppler flowmetry (see below). The right femoral artery was cannulated in some of the animals (nϭ5 in each strain) for monitoring arterial blood pressure and for obtaining blood samples for arterial blood gases. Blood pressure was monitored with a Digi-Med blood pressure analyzer (Micro-Med, Inc). Arterial blood gases were determined before ischemia and at 30 minutes after the onset of ischemia with a blood gas analyzer (model 238, Ciba Corning). Rectal temperature was recorded and maintained at 37.0Ϯ0.5°C before and for 1 hour after MCA ligation via an electronic temperature controller (Versa-Therm 2156, Cole-Parmer) linked to a heating lamp and homeothermic blanket control unit (Harvard Apparatus). After recovery from anesthesia, animals were allowed free access to food and water. All mice were housed in an air-ventilated room with ambient temperature set at 24Ϯ0.5°C for the ensuing 24 hours.
[ 14 C]Iodoantipyrine Autoradiography
Four mice from each of the 3 strains were subjected to baseline (nonischemic) cortical blood flow measurement by means of iodoantipyrine autoradiography. Mice were anesthetized with a mixture of 1.5% halothane, 69% nitrous oxide, and 29.5% oxygen. Under the operating microscope, the femoral artery and femoral vein were catheterized on both sides of the animal with polyethylene tubing (PE-10; 3.0 cm long). The wound was infiltrated with lidocaine-HCl and closed with sutures. Body temperature was monitored and maintained at 37.0°C to 37.5°C with a heat lamp. Arterial blood pressure was continuously recorded, and arterial blood samples were taken for blood gas assays before the start of the actual measurement of flow. The measurement of cortical cerebral blood flow followed the procedures described by Jay et al 35 and Wei et al, 36 with some modifications. In brief, 5 to 10 Ci of [ 14 C]iodoantipyrine (American Radiochemical) was infused into 1 femoral vein for 20 seconds; 6 well-timed blood samples were collected on preweighed pieces of filter paper over this period. At 20 seconds, the mice were decapitated. The brains were removed from the severed heads and frozen in 2-methylbutane cooled to Ϫ45°C within 30 seconds of decapitation. Frozen brains were stored at Ϫ80°C until the time of sectioning.
14 C radioactivity was determined in the reweighed samples of blood by liquid scintillation counting. Tissue radioactivity was assayed by quantitative autoradiography in the same part of the cortical field of the MCA in all 3 strains. Coronal sections (20 m thick) were serially cut in a cryostat set at Ϫ17°C, starting at the level of the area postrema and ending at the rostral end of the caudate putamen. These sections were placed in x-ray cassettes along with an appropriate set of standards and a sheet of x-ray film (BRS Kodak). Commercial standards were used for 14 C quantification (American Radiolabeled Chemicals). The exposure period of the sections and standards was 7 to 9 days. The optical densities of the brain images and of the standards were measured on the autoradiograms with an MCID image analysis system (Imaging Research Inc). Cortical cerebral blood flow was determined from the blood and tissue radioactivities and the equation of the method. 35, 36 
Laser Doppler Flowmetry
Relative red cell flow in the core of the ischemic territory (lateral parietal cortex) was measured in 9 to 12 mice in each strain with a laser-Doppler probe (model 403A, Transonic Systems, Inc). The location for the cortical flow measurement was 2 mm posterior and 6 mm lateral to the coronal suture and distal (more superior) to the MCA ligation site. The tip of the micromanipulator-mounted laserDoppler probe was placed against an intact dura through a small craniotomy made at this location, resulting in flow measurements directly above the core of the ischemic MCA territory. 3, 7, 17, 30 Several successive measurements were obtained before ligation and averaged to obtain a representative baseline value for red cell flow in the lateral cortex. Repeated measurements were then obtained again 10 minutes after MCA ligation. Changes in red cell flux were normalized to preischemic levels.
Morphometric Analysis of Infarct Volume
Twenty-four hours after permanent MCA ligation, animals were killed with an overdose of pentobarbital (100 mg/kg IP). Immedi-ately thereafter, blood was washed out of the circulation by saline infused through the heart. The brains were removed and sliced into 2-mm coronal sections with a matrix (Harvard Bioscience). The brain sections were incubated in normal saline containing 2% triphenyltetrazolium chloride (TTC) (Sigma) at 37°C for 20 minutes and subsequently stored in 10% phosphate-buffered formalin. The total cross-sectional area and the unstained portion of each coronal slice were determined with an image analyzer (DUMAS, Drexel University). The volume of the infarct was calculated by measuring infarct areas on the separate slices, multiplying these areas by slice thickness, and summing all slices; the "indirect" morphometric method 37 was used to correct for edematous swelling. Incidentally, infarct volumes estimated by TTC staining and the indirect method agree with those determined from hematoxylin and eosin-stained histologies. 38 
Carbon Black Labeling of Cerebral Arteries
In deeply anesthetized mice, carbon black (in an equal volume of 20% gelatin in distilled water) was perfused through the heart and into the vascular system of Balb/C (nϭ13), C57BL/6J (nϭ22), and 129X1/SvJ (nϭ15) mice under baseline (nonischemic) conditions. The animals were then killed with an overdose of pentobarbital. Brains were carefully removed, and the circle of Willis was examined under a dissecting microscope. The development of left and right PComAs was scored individually as follows: 0, absent; 1, present but poorly developed (hypoplastic); and 2, well formed. A single PComA development score was calculated for each animal by averaging the left and right scores.
Statistical Analyses
Intra-animal changes in physiological variables were assessed by paired t tests. Intrastrain and interstrain differences were assessed by 1-way ANOVA followed by post hoc Tukey tests. Infarct, cerebral blood flow, and red cell flow data are expressed as meanϮSEM and were analyzed by ANOVA followed by post hoc Tukey tests. The PComA data were analyzed by nonparametric 1-way ANOVA on ranks (Kruskal-Wallis). For all tests, PϽ0.05 was considered significant.
Results
Before ligation, mean arterial blood pressure and arterial blood gases were similar among the 3 strains and were in the range reported by others for nonventilated mice (Table) . 22, 28 After permanent occlusion of the MCA, these physiological variables remained unchanged in the 3 strains. Rectal temperature measurements at 6, 12, and 24 hours after surgery were not different among the groups.
In control mice, blood flow assessed by [ 14 C]iodoantipyrine autoradiography in the lateral cortex (the MCA territory) was not significantly different among the 3 strains (Figure 1 ). Ten minutes after MCA ligation, the reductions in red cell flow (laser-Doppler flowmetry) in the ischemic lateral cortex relative to preischemic values were virtually identical in the Balb/C, C57BL/6J, and 129X1/SvJ mice ( Figure 2 ). These data plus the control iodoantipyrinequantitative autoradiography results (Figure 1 ) indicate that this model of MCA occlusion yields red cell flows in the cortex that are 6% to 7% of control and similar in all 3 strains of mice.
The volumes of the TTC-demarcated lesions after 24 hours of occlusion differed among these mouse strains (Figures 3  and 4) . The cortical lesions in Balb/C mice were 2.9 times larger than those in C57BL/6J mice (PϽ0.05) and 3.7 times larger than those in 129X1/SvJ mice (PϽ0.01). The infarct volumes were not significantly different in the C57BL/6 and 129X1/SvJ mice.
Differences in PComA development were found among the strains ( Figure 5 ). The mean PComA scores of the Balb/C and C57BL/6J mice were identical and significantly less than that of the 129X1/SvJ animals. In detail, PComAs were absent unilaterally or bilaterally in 46% of the Balb/C and 45% of the C57BL/6J mice and poorly developed (hypoplastic) in 46% and 48% of these 2 strains, respectively. Fully formed PComAs were found in only 8% of the Balb/C and 7% of the C57BL/6J mice. In 129X1/SvJ animals, however, 50% of these arteries were well formed, 27% were hypoplastic, and 23% were absent.
Discussion
Our results show that Balb/C mice are significantly more susceptible to damage resulting from permanent focal cerebral ischemia than C57BL/6J and 129X1/SvJ mice. The greater vulnerability of the Balb/C mice was not associated with a larger reduction in flow to the MCA territory, since control rates of blood flow were nearly identical in all 3 strains and the drops in relative red cell flow after direct arterial ligation were similar. Nor were vulnerability differences correlated with the extent of PComA development and size, which is not surprising for this direct MCA ligation model. Thus, the dissimilar tissue injury after permanent focal ischemia does not appear to be linked to interstrain cerebrovascular differences but may instead be related to intrinsic variations in neuronal and/or glial vulnerability to ischemia among the different strains.
Barone et al, 24 using both focal and global ischemia models, were the first to show differences in susceptibility to cerebral ischemia among 3 mouse strains. They found significant variations in PComA development and patency that appeared to correlate with injury. Red cell flow was estimated only in Balb/C mice during brief periods of ischemia; therefore, a linkage between blood flow and damage among the strains could not be established. With respect to C57BL/6J and 129X1/SvJ animals, our findings with direct ligation and those of others with intraluminal filament obstruction 7, 9 indicate that cortical infarcts resulting from permanent MCA closure involved approximately 7% of the hemisphere (Figure 4) . Differing from our findings, Connolly et al 30 reported that the infarct volume after 24 hours of permanent MCA occlusion by intraluminal filament was approximately 2% of the hemisphere in 129X1/SvJ mice and one tenth of that occurring in C57BL/6J mice.
There are a number of possible causes of the apparent inconsistencies among these reports. Anesthetic agents importantly affect outcome in experimental stroke models because of central and peripheral alterations in blood pressure, hemodynamics, and vascular tone. 25, 28 The anesthetic regimen used by Connolly et al 30 and us was, however, identical. Cerebral ischemic injury also depends on brain temperature, but this was controlled and similar in both studies. The differences in ischemia models used (permanent vis-à-vis transient occlusion) undoubtedly contribute to the dissimilarity in the results. In the present study the MCA was permanently ligated under direct visualization through a lateral craniotomy; this model has also been used by other investigators. 10, 24, 31 Although it produces smaller infarcts than those obtained by obstructing the origin of the MCA with an intraluminal filament, the technique is straightforward, and complete blood flow interruption distal to the ligation is ensured. In contrast to all the other models, the ligature exclusively shuts off blood flow in the distal MCA and does not directly affect flow in any other major artery.
Variable results are more likely to occur with the intraluminal filament model. Suture size and length, which depend on animal weight, 30, 39 and resin/silicone coating of the suture and its resultant final diameter 7, 17, 23 differ among laboratories. 35 With the intraluminal suture model, residual blood flow around the occluding filament could vary among individuals, strains, and groups of animals, yielding dissimilar lesions. The placement of the filament certainly affects flow not only in the MCA but also in the internal carotid, anterior cerebral, and posterior cerebral arteries, and the extent to which this occurs might vary significantly among experiments and strains.
Differences in blood flow during ischemia may be the cause of the disparity in brain tissue damage among mouse strains. Local rates of blood flow need to be determined with accuracy and good spatial resolution to address this possibility. In general, blood flow has been measured in mouse studies by laser-Doppler flowmetry. 9, 10, 24, 29, 30 This technique estimates red cell flow in a small block of tissue under the probe relative to a reference level determined either on the ipsilateral side before the system is perturbed or on the contralateral side during occlusion; the technique does not yield an absolute rate of blood flow. The variables in the estimation of relative flow include time and site of measurement, the portion of the ischemic areas covered by the measurement, and the reference level chosen.
With respect to time, relative reductions in blood red cell flow in lateral cortex at the primary site of ischemia measured 10 minutes after direct ligation were identical among the 3 strains in the present study, falling to approximately 6% to 7% of preischemic flow. Similar degrees of flow reduction in C57Bl/6 and 129/SvJ 29, 30 animals have been reported immediately after occlusion of the MCA by an intraluminal filament. When measured 24 hours after permanent MCA occlusion by an intraluminal filament, however, Connolly et al 30 found that relative red cell flows were lower in C57BL/6J than 129X1/SvJ mice (ie, 40% to 50% and 70% to 80% of contralateral, respectively), and infarct size at this time was greater in the more ischemic C57BL/6J animals. These results suggest that blood flow to the ischemic territory in the 24-hour period after intraluminal blockage of the MCA improved more in 129X1/SvJ than in C57BL/6J mice. This "improvement" in red cell flow could be either the result or the cause of the lesser degree of injury in 129X1/SvJ mice. Accordingly, repeated measurement of blood flow over the first several hours of ischemia and longer is certainly warranted.
As to the reference level of laser-Doppler flowmetry, Connolly et al 30 used the contralateral side as reference, but we used the preischemic ipsilateral side as reference. Regardless of the reference level selected, interstrain differences in relative red cell flow reductions have not been detected by laser-Doppler flowmetry immediately after MCA occlusion in either our study or the aforementioned studies. 9, 10, 24, 29, 30 A complication with the reference approach is that the absolute rates of blood flow may differ among these mouse strains under control, preischemic conditions, a problem that has been addressed in several reports. The autoradiographic technique with [ 14 C]iodoantipyrine (Figure 1 ) and the indicator fractionation technique with [
14 C]isopropyliodoamphetamine 12, 23 have been used to determine the absolute rate of whole blood-not red cell-flow. Our present findings with the former method and those of others using the latter tracer 12, 23 indicate that rate of basal blood flow to the parietal cortex is very similar in resting Balb/C, C57BL/6J, and 129X1/SvJ mice. The relative drops in red cell flux found by laser-Doppler flowmetry in the ischemic core imply comparable rates of absolute blood flow among these strains during the initial minutes after MCA occlusion and therefore do not explain the considerably larger infarct volume in Balb/C mice ( Figure 4) .
Laser Doppler flowmetry estimates average red cell flow velocity and relative red cell flow in a volume of tissue under the probe. In rats, this volume has been assumed to be approximately 1.0 mm 3 ; it may be similar in mouse brain. Thus, a single laser-Doppler flow probe could measure net red cell flow in only a portion of the field of injury in the mouse brain and miss important differences among loci, strains, and conditions. The autoradiographic technique of measuring whole blood flow provides fine spatial resolution throughout the brain and also produces serial histologies for determining tissue injury. To establish in detail the dependence of ischemic brain injury on blood flow, autoradiography will have to be undertaken in a way that minimizes premortem and postmortem movement of the flow marker because of the small size of the mouse brain. 35 This matter is currently under investigation (L. Wei, MD, et al, unpublished data, 2000) .
Poorly formed or hypoplastic PComAs may reduce collateral blood flow between the anterior and posterior circulation and have been suggested to partially account for differences in susceptibility to global ischemia among strains. 24 -28 Connolly et al 30 reported that both C57BL/6J and 129X1/SvJ mice had intact, patent PComAs, but we and others 24 -26 have found that these vessels in the C57BL/6J strain were poorly formed and virtually unlabeled with circulating carbon black. Further confusing this issue, the present and other reports 26, 27 suggest that the degree of PComA plasticity varies among individual mice of a single strain. For 129X1/SvJ and C57BL/6J mice, distinct interstrain differences in intracranial cerebrovascular anatomy but no differences in infarct size were found by us with the ligation model, but just the opposite was reported by Connolly et al 30 for the filament model. Perhaps the best that can be said is the following: (1) the rate of blood flow throughout the various parts of the ischemic territory, probably over some period of time, set the initial tissue injury; (2) these local flow rates plus those in the adjacent tissue need to be measured to determine the cause of the dissimilarity in stroke outcome among mouse strains; and (3) a correlation among local blood flow, development of the PComA, and ischemic tissue damage has not been clearly established.
The preceding arguments suggest that not only the rate of lowered blood flow but also certain endogenous factors, potentially inherent to a single strain, may be important in determining neuronal outcome after permanent focal ischemia. Strain-specific differences among neuronal and/or glial functions have been reported. For instance, in a model of kainate-induced sustained seizures, 129/Sv mice exhibited greater injury in the CA3 hippocampal subfield than C57BL/6J mice. 40 Other anatomic, biochemical, and behavioral characteristics are also known to vary among mouse strains. 41, 42 Because mutant mice are often derived from homologous recombination in embryonic stem cells, mixed genetic backgrounds characterize many transgenic and knockout mice. Because of genetic linkage, the use of embryonic stem cells from 129/Sv to carry a targeted gene deletion into another genetic background (C57BL/6 or Balb/C) will also lead to the transfer of a number of 129/Sv genes flanking the mutation to the F2 animals. 22 Using progenies from these mixed genetic backgrounds for the determination of the effects of specific gene products on stroke outcome may lead one to falsely conclude that differences in brain injury after focal cerebral ischemia between the wild type and the particular mutant is due to the disruption or insertion of that particular gene when in fact these differences might be inherent in the different strains. Back-crossing with a single parent strain for at least 12 generations and using wild-type littermates from heterozygous matings as controls will reduce the contribution from one of the parental genomes to 1%, which is approximately 300 genes. 22 Nonetheless, the chance that some of the 300 genes introduced from 129/Sv mice will have influences on brain function and recovery from ischemia in the resulting mutant is not negligible. In some studies, both parent strains of the particular experimental mutant have been used as wild-type controls with no significant differences between parent-strain susceptibility to a particular ischemic injury. 7, 10, 29 Since background genes flanking the mutation of interest may still, however, have an effect on the phenotype of the new host, studying the individual parent strains is not the best substitute for the use of littermate controls. Even better wild-type controls would be the use of littermates from parents that have been back-crossed to a single strain for at least 12 generations. In the future, the hypothesis that a particular targeted mutation is indeed truly responsible for the observed phenotype may be more reliably tested by determining the effect of replacing the gene or the products of the missing gene on the phenotypic end point of interest. It is important to note that there is a distinction between 129/Sv and 129/SvJ mice. Many previous publications did not use the J strain for the genetic background.
In summary, results obtained in the present study indicate that ischemic tissue injury in brain after permanent MCA occlusion is independent of the rate of red cell flow in the core of the lesion in 3 strains of mice. Similarly, differences in intracranial cerebrovascular anatomy do not affect infarct size in the direct ligation model. The findings do not, however, address the dependence of injury on blood flow in penumbral tissue, a rather difficult measurement to make, or on changes in blood flow over time after ligation of the MCA. They do strongly suggest that there are interstrain differences in neuronal and/or glial responses and vulnerability to permanent, direct focal ischemia among 3 mouse strains. The importance of using the appropriate wild-type control group in murine cerebral ischemia studies is implied in these results.
Editorial Comment
Transgenic and knockout mutant mice have been widely used in stroke studies since the first such study was reported approximately 10 years ago. 1 The successful creation of several reliable, reproducible, and technically challenging focal and global cerebral ischemia models and the availability of many genetically modified mice contributed to the explosion in the use of these animals in stroke research. 2, 3 To dissect out the complex cellular and molecular mechanisms of ischemic cell death and regeneration, it is reasonable and perhaps essential to use genetically modified mice. However, knockout mutant mice are usually generated with 2 or more mixed genetic backgrounds. Concerns have been raised by stroke researchers that these mixed genetic backgrounds might render the results difficult to interpret when studies are conducted to compare the knockout mice with wild-type mice.
In addition, different hemodynamic physiological and anatomic differences may exist in various strains of wild-type mice. Such questions were raised in the accompanying article by Majid and colleagues. In a carefully done study, these investigators studied and compared absolute regional cerebral blood flow, physiological variables, PComA patency, and infarct size after permanent MCA occlusion in C57BL/6J, Balb/C, and 129X1/SvJ mice. They found that the degree of infarct size in a mouse strain is independent of all the hemodynamic variables studied, and they proposed that intrinsic factors may contribute to differences in ischemic vulnerability among strains. A similar importance of genetic determinants has been observed in excitotoxic cell death. 4 These findings provide a unique and important message and perspective for stroke researchers and neuroscientists that genetically matched wild-type control mice should be used with knockout mutant mice for stroke studies.
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